Introduction
During the last decade or so, the non-invasive determination of glucose by near-infrared (NIR) spectroscopy has been a matter of great interest because of significant increase in the number of diabetics almost all over the world. For diabetic patients, especially type-I patients, the in vivo monitoring of blood glucose is highly desirable. Since the 1980s, several research groups have reported on the in vivo determination of blood glucose by NIR spectroscopy. NIR spectroscopy has the following advantages for in vivo glucose monitoring. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Several NIR spectral regions, containing the region (7500 -5500 cm -1 ) for the first overtones of the stretching modes of CH, OH and NH groups and that (5000 -4000 cm -1 ) for the combinations of the fundamentals of CH, OH and NH groups have been examined for the non-invasive determination of blood glucose. [1] [2] [3] In order to measure NIR spectra efficiently and easily, many organs or locations in the body, such as the tongue, forearm, webbing between the thumb and forefinger, eye, finger and oral mucosa have been used to collect in vivo spectra. 2, [4] [5] [6] Several research groups, e.g., Robinson et al., 5 Heise et al., 7, 8 Jagemann et al., 9 and Fischbacher et al. 10 developed their own NIR systems for noninvasive measurements of blood glucose. In previous papers, 11, 12 we proposed a new NIR system that would enable to detect very weak glucose signals with a high signal-to-noise ratio directly from human skin tissue on a forearm. In this system, the skin tissue in the forearm is considered to be the most suitable part for blood glucose monitoring because it has a relatively simple anatomical structure and is only a few millimeters in depth. With this system, spectra in the range of 1300 -1900 nm due to the first overtones of the CH stretching modes of blood components were measured by conveniently touching an optical fiber probe on the forearm skin. However, in vivo spectral measurements are confounded by large variations in the tissue physiology, such as the body temperature. The difficulties in the in vivo measurements also lie in the great sample complexity of blood, Near infrared (NIR) spectroscopy has become a promising technique for the in vivo monitoring of glucose. Several capillary-rich locations in the body, such as the tongue, forearm, and finger, have been used to collect the in vivo spectra of blood glucose. For such an in vivo determination of blood glucose, collected NIR spectra often show some dependence on the measurement conditions and human body features at the location on which a probe touches. If NIR spectra collected for different oral glucose intake experiments, in which the skin of different patients and the measurement conditions may be quite different, are directly used, partial least squares (PLS) models built by using them would often show a large prediction error because of the differences in the skin of patients and the measurement conditions. In the present study, the NIR spectra in the range of 1300 -1900 nm were measured by conveniently touching an optical fiber probe on the forearm skin with a system that was developed for in vivo measurements in our previous work.
11 ,12 The spectra were calibrated to resolve the problem derived from the difference of patient skin and the measurement conditions by two proposed methods, inside mean centering and inside multiplicative signal correction (MSC). These two methods are different from the normal mean centering and normal multiplicative signal correction (MSC) that are usually performed to spectra in the calibration set, while inside mean centering and inside MSC are performed to the spectra in every oral glucose intake experiment. With this procedure, spectral variations resulted from the measurement conditions, and human body features will be reduced significantly. More than 3000 NIR spectra were collected during 68 oral glucose intake experiments, and calibrated. The development of PLS calibration models using the spectra show that the prediction errors can be greatly reduced. This is a potential chemometric technique with simplicity, rapidity and efficiency in the pretreatment of NIR spectra collected during oral glucose intake experiments. micro-heterogeneity in the tissue, and poor optical pathlength definition due to tissue scattering. 13 Thus, we designed a new method for the selective measurement of dermis tissue spectra, which enables us to obtain better quality spectra for an accurate blood glucose assay. 11 The selective measurement of the dermis spectra was realized by using a newly developed fiver-optic probe that consists of source and detector optical fibers separated by 0.65 mm on a skin surface. During an oral glucose intake experiment, spectra were measured by using this NIR spectra measurement system every 5 min after a patient had drunk a glucose solution.
The NIR spectra measured in each oral glucose intake experiment showed a good correlation to the glucose concentrations. 11, 12 However, the spectra collected from a number of oral glucose intake experiments for several different patients often yielded a poor correlation to the concentration. The reason for this is that the spectra are strongly affected by the measurement conditions and/or of the skin structure of the patients. In different oral glucose intake experiments, spectra change with the change in the skin structure for different patients, and change with the difference in the measurement conditions for the experiments carried out on different days. Measurements for some oral glucose intake experiments easily introduce systematic noise to the spectra. As will be discussed later, the systematic noise is very clear and large in the NIR spectra for oral glucose intake experiments. Therefore, the spectra between different experiments need calibration.
In different oral glucose intake experiments, the same volume of glucose is drunk by patients. For every oral glucose intake experiment, the blood glucose content in the body changes during the metabolic cycle of the intake glucose, and shows a peak-shape with the time lapse. As mentioned above, the spectra measured during oral glucose intake experiments contain not only information about the variation in the glucose content, but also that about the variations in the measurement conditions and the skin structure of patients. The later causes the main part of systematic noise, which shows similar values for the same experiments, but different, or even largely different values for different experiments. Therefore, the systematic noise may be estimated by the later signal, and is easily removed from the spectra. Spectra that removed the systematic noise are expected to yield good calibration models.
In oral glucose intake experiments, as discussed later, a mean spectrum in each experiment just contains information about the variations in the measurement conditions and skin structure of patients. In the present study, the mean spectrum of each experiment was denoted as the signal of systematic noise. Simply, mean centering for spectra measured in every experiment with their mean spectrum was performed in order to remove, or reduce, the systematic noise. Multiplicative signal correction (MSC) was also applied to the spectra in every experiment with their mean spectrum.
Theory
Spectra data used in the present paper were collected during a number of oral glucose intake experiments, which are denoted by X containing spectra in rows. Considering there are n subsets of spectra corresponding to n experiments, X can be written as
where Xi contains all spectra of the ith oral glucose intake experiment, n is the number of experiments involved in X, and the superscript T denotes transpose.
Inside mean centering
The mean centering procedure to spectra is often used in the multivariate calibration of spectral analysis. 14 The normal mean centering procedure is performed by subtracting a mean spectrum from the spectra in a calibration set, xj,mc = xj -.
Here, the mean spectrum, , is subtracted from the jth spectrum, xj, to obtain the mean centered spectrum, xj,mc, in the calibration set.
In the present study, inside mean centering was used. Inside mean centering means that the mean centering is performed for every subset of the spectra,
where xij is the jth spectrum in the ith subset (oral glucose intake experiment), i is the mean spectrum of the ith subset, and xij,mc is the mean centered spectrum.
Inside multiplicative signal correction (MSC)
Multiplicative signal correction (MSC) is a specific transformation for spectra. It consists in fitting a separate regression line (normally the mean spectrum is used) to each sample spectrum. Expressed as a function of the average value for each wavelength, the a and b coefficients of that regression line are then used to correct the values of each sample. Each sample spectrum, xj, in X is fit to its mean spectrum, ,
where a and b are regression coefficients. It is then corrected by the following equation:
Unlike normal MSC, which is performed for the whole spectra X, inside multiplicative signal correction (MSC) is carried out for each subset of the spectra, Xi. A mean spectrum of each subset is used.
Experimental and Data Analysis
Instrumentation for the NIR spectra measurement A NIR system developed by Maruo et al. 11, 12 for in vivo glucose monitoring was used to measure the NIR spectra from human skin tissues. This system consists of a tungsten halogen lamp, an optical fiber bundle with two probes, a switching device for selecting a signal from the probe, a flat field-type grating, a 256 InGaAs photodiode array sensor extended to a cut-off wavelength of 2100 nm, a 16 bit A/D converter, and a signal processor. The optical fiber probe consists of one central detector optical fiber and twelve source optical fibers arranged in a circle. There are two parts of the optical fiber: one part collecting reference spectra, which is connected to a standard reflectance target, and the other one recording the spectra of objects. The NIR spectra of a skin tissue were measured by placing an optical fiber probe vertically on the forearm skin surface of a patient. The contact pressure of the probe to the skin was maintained at 470 gf/cm 2 and the temperature of the measurement site was also kept at 35˚C by using a plate-type elastic heater and electrical thermostat during the measurements. It took about 1 min to measure a skin spectrum.
When an oral glucose intake experiment was performed, a spectrum was measured every 5 min for a patient; 30 min later, the patient drank a 225 mL glucose solution, and the spectrum was measured continuously every 5 min. The spectra of an oral glucose intake experiment were collected during the experiment, taking about 4 h. The blood glucose contents were also measured by a finger-stick-type blood glucose meter just 1 min before every spectral measurement during the oral glucose intake experiment. Details about the NIR measurement system and the measurement procedure are reported in references.
11,12

Data sets
In the present study, three data sets were used. Data set A contained 1643 spectra measured in 2001 for the skins of five patients in the spectral region of 1212 -1889 nm. Data set B contained 686 spectra collected in 2002 for the skins of five patients in the spectral region of 1378 -1889 nm. Data set C contained 698 spectra obtained in 2003 for the skins of two patients in the spectral region of 1377 -1885 nm. There were 32, 26 and 10 oral glucose intake experiments for data sets A, B and C, respectively. Inside mean centering was applied to every data set, and PLS was used to build calibration models.
Data analysis
All calculations were performed by in-house-written programs in MATLAB 6.1 (Mathworks Inc., Natick, MA).
Results and Discussion
Principal component analysis (PCA) of the NIR spectra
In data set C, each of two patients supplied five oral glucose intake experiments. This data set totally contains 698 NIR spectra. The absorbance of the NIR spectra, as mentioned above, depends not only on glucose concentration, but also on the measurement conditions and object conditions. For different measurement dates, the temperature fluctuations, electronic drift, wavelength and detector intensity instability, and so on, affect the NIR absorbance. Moreover, for different patients, their skin tissues used to measure the NIR spectra may be different in e.g., the contents of the chemical components, thickness. Such differences must result in fluctuations in the NIR spectra absorbance. To evaluate these effects, principal component analysis (PCA) was first performed to the 698 spectra in data set C. Figure 1 shows a score plot of the first principal component (PC1) vs. the second principal component (PC2). Numbers of 1, 2, 3, 4, and 5 shown in this figure denote the five oral glucose intake experiments for the first patient, while numbers of 6, 7, 8, 9, and 0 represent the five experiments for another patient. It can be seen from the plot that points belonging to the two patients are clearly separated. Moreover, for each of the two patients, points belonging to the different experiments are also classified. The results of PCA for the spectra in data sets A and B also reveal similar classification phenomena. All of these classifications imply that the measurement conditions and patient conditions strongly influence the NIR spectra. Therefore, a pretreatment for the spectra is necessary before a calibration model is built for all of the spectra measured on different dates and/or for different patients.
Inside mean centering of spectra for each oral glucose intake experiment
Each oral glucose intake experiment describes a metabolic cycle of intake glucose in a human body. NIR spectra measured during an oral glucose intake experiment reflect variations in the glucose content and background arising from changes in the measurement conditions and the patient conditions. The mean spectrum of the whole spectra in an oral glucose intake experiment was used to represent such background variations in the present study. To remove the background variations, inside mean centering was performed to all the spectra in each oral glucose intake experiment, i.e., every spectrum in the experiment was subtracted by the mean spectrum of this experiment. After inside mean centering, the spectra of all experiments were combined together to build a PLS model for calibration.
PCA was performed to the inside mean centered spectra in data set C to evaluate the method of inside mean centering. Figure 2 shows a PCA score plot for the inside mean centered spectra of the first principal component vs. the second principal component. The numbers in Fig. 2 have the same meaning as those in Fig. 1 . It is interesting to find from Fig. 2 are scattered and do not form any classes. Similarly, for data sets A and B, inside mean centering also calibrates their spectra without any classification. Therefore, the simple procedure of inside mean centering to each oral glucose intake experiment is very effective to remove the background spectra, and is a potential method to improve PLS models.
In every data set of A, B, and C there are many subsets, each corresponding to one oral glucose intake experiment. In order to accurately evaluate the prediction performance of PLS models in a data set, each subset is used as a prediction set, while other subsets are considered to be collected in a calibration set, which are used to build a PLS model and predict the concentration of glucose in the prediction set. Therefore, totally, there are 32, 26 and 10 models built for data sets A, B and C, respectively. Tables 1, 2 , and 3 show the factor numbers and root mean square error of prediction (RMSEP) of the models for data sets A, B, and C, respectively. The numbers listed in the first column denote the prediction set no. For every data set, inside mean centering for spectra was applied to all subsets, including those in the calibration and prediction sets. For a comparison, the original spectra without any pretreatment were used to build PLS models. Their factor numbers and RMSEP are also listed in Tables 1, 2, and 3 .
If the original spectra were used to build models, the prediction error was very high (see Tables 1, 2 , and 3). For example, in data set A, most values of RMSEP were more than 35 mg/dL, and the maximum value was 71 mg/dL. The average prediction errors (RMSEP) were 42.23, 38.15, and 38.45 mg/dL for data sets A, B, and C, respectively. Even normal mean centering and normal MSC could not improve the models. For models with performing normal mean centering and normal MSC to the spectra, the average values of RMSEP were 42.84, 37.73, and 39.29 mg/dL for data sets A, B, and C, respectively. When inside mean centering was applied, the PLS models were improved significantly. It can be seen from the three tables that RMSEP was reduced significantly by inside mean centering. For data set A, most values of RMSEP were less than 30 mg/dL, and the maximum value was 53 mg/dL. The average RMSEP decreased to 32.68 mg/dL from 42.23 mg/dL. The average values of RMSEP of data sets B and C decreased from 38.15 and 38.45 to 34.60 and 36.87 mg/dL, respectively. We could also find that the dimensions of most PLS models were reduced with the inside mean centering procedure. The average of the factor number changed from 9.9 to 8.0 for data set A; 8.3 to 6.8 for data set B; but 4.7 to 5.9 for data set C.
Inside multiplicative signal correction (MSC) to spectra for each oral glucose intake experiment
MSC was originally developed to correct for enormous light scattering variations in a reflectance spectroscopy; a variation that has a strong multiplicative component.
14 MSC is a rather general technique in multivariate calibration, which is always found in the commonly used commercial software programs of chemometrics, such as MATLAB PLS toolbox 15 and Unscrambler. 16 In the present study, inside MSC, combined with inside mean centering (discussed above), was also used for the oral glucose intake experiments spectra.
In every experiment, the mean spectrum was used as the reference. All spectra were calibrated with MSC first, and then the inside mean centering was performed with the same reference. As an example, the original spectra, the inside MSC-pretreated spectra and the inside MSC coupled with the inside mean centeringpretreated spectra in data set C are shown in Figs. 3, 4 and 5, respectively. A close look at Fig. 4 shows that the NIR spectra calibrated by the inside MSC are classified and show ten groups, which are quite close to their mean spectra, and 982 ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 Fig. 3 Original NIR spectra in the 1400 -1850 nm region of ten oral glucose intake experiments in data set C. certainly correspond to the ten oral glucose intake experiments. This is another proof for the influences of the measurement conditions and the patient conditions on the spectra. After inside MSC and inside mean centering, from Fig. 5 , it is clearly found that the classification disappears. With MSC and mean-centering calibrated spectra, PLS models were built and every subset was predicted with the model built by other subsets. The results are listed in Tables 1,  2 and 3 for data sets A, B and C, respectively. Inside MSC, coupled with inside mean centering improved the models slightly for data sets A and B (Tables 1 and 2 ), but did not change the performance of the models for data set C (Table 3) , compared with the results obtained by using only inside mean centering. For data set A (Table 1) , the average of RMSEP was slightly reduced from 32.68 to 32.44 mg/ml, and the average value of model dimensionality changed from 8.0 to 7.5. For data set B (Table 2) , the average RMSEP and average dimensionality were reduced from 34.60 to 33.96 mg/ml, and from 6.8 to 6.2, respectively, while for data set C (Table 3) , the average RMSEP showed almost no change (36.87 and 36.88 mg/ml for the use of inside mean centering and inside MSC coupled with inside mean centering), but the dimensionality of models increased slightly (from 5.9 to 6.6). Inside MSC combined with inside mean centering, although not much, can improve PLS models. Therefore, it was suggested to use it in the present study.
Conclusions
In the present study a series of NIR spectra were measured in 983 ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 Table 1 Prediction performances of PLS models developed using original spectra, inside mean-centering spectra and inside MSC coupled with inside mean-centering spectra for data set A Table 3 Prediction performances of PLS models developed by using original spectra, inside mean-centering spectra and inside MSC coupled with inside mean-centering spectra for data set C vivo for skin tissues by means of a newly developed NIR system during oral glucose intake experiments. In order to calibrate NIR spectra measured for the different experiments, inside mean centering and inside MSC to every oral glucose intake experiment were proposed and used to deal with more than 3000 NIR spectra collected during 68 oral glucose intake experiments. The obtained results conclude:
1. NIR spectra recorded during the different oral glucose intake experiments for the same or different patients were clearly classified by PCA, i.e., the spectra for the different experiments belonged to the different groups. This reveals that the measurement conditions and patient conditions strongly influenced the NIR spectra. 2. Inside mean centering was performed for the spectra of each oral glucose intake experiment. It could efficiently resolve the classification problem of the spectra. 3. The calibration for spectra of several oral glucose intake experiments with inside mean centering could improve the performance of built PLS models with a decrease in the prediction error, RMSEP and model dimensionality. Inside MSC combined with inside mean centering could further improve the performance slightly. These methods are potential chemometric techniques with simplicity, rapidity and efficiency in the pretreatment of spectra for oral glucose intake experiments.
